Abstract: Improving the phase sensitivity of optical fiber Sagnac sensor is very important for accurately detecting weak signals of acoustic emission. Theoretical analysis shows that the initial phase of the sensor is π under ideal conditions, and the maximum phase sensitivity will be obtained when the bias phase is π/2. In this work, the experimental system is built with an aluminum alloy plate as experimental object. The initial phase of the sensor is modulated by Y-branch waveguide and the fitting curve of the experimental data is in good agreement with the curve of numerical simulation. Moreover, our experiments show there is a singular value found at the bias phase of π/2, which deviates from the theoretical value seriously. The results show that the greatest phase sensitivity of the sensor can not only be increased by nearly 9 times through modulating the initial phase, but also can suppress the harmonic interferences in the sensing system. This study can provide a useful reference for improving the phase sensitivity of optical fiber Sagnac AE sensor in practical application.
Introduction
Solid structure consisting of composites or metal materials will release strain energy in the form of elastic waves when the materials are deformed or broken, which is called acoustic emission (AE) phenomenon [1] , which also exists in the situation of partial discharge and others [2] [3] [4] . If AE signals can be detected and located by sensors, their accurate position can be provided for the damage evaluation and timely repair of the equipment [5] [6] [7] [8] .
Traditional piezoelectric sensor is widely used for detecting the signals of AE due to high detecting frequency [9] [10] [11] . However, some problems such as poor performance in resistance to electromagnetic interference and complex installation limit their applications. Optical fiber Sagnac sensor based on Sagnac effect and optical fiber sensing technology not only has the characteristics of optical fiber sensor, such as corrosion resistance, electromagnetic interference resistance, small volume, light weight, easy to be combined with material structure, etc., [12] [13] [14] , but also has the distinctive advantages of high detecting frequency, good reciprocity and low requirement of light source, which has been widely studied for detecting the signals of AE [15] [16] [17] [18] .
It is very important to improve the sensitivity of the optical fiber Sagnac AE sensor because the signals of AE are mostly weak, and the non-reciprocal phase shifts generated by them are quite small. Jang et al. [19] showed that the sensitivity of surface-bonded fiber optic Sagnac AE sensor is almost twice than noncontact type fiber ones. Fomitchov et al. [20] found that the optimum sensitivity can be obtained if the initial phase of optical fiber Sagnac AE sensor is π/2. Jang et al. [21] and Liang et al. [22] have modulated the initial phase of the sensor using PZT phase controller, but the modulation frequency is no more than 100 kHz, and it is only modulated by sinusoidal signal. Another problem in these studies is the influence of the 2×2 single-mode fiber coupler on the initial phase was not reported.
In this paper, attention is focused on the improvement of the phase sensitivity of optical fiber Sagnac AE sensor. The influence of initial phase modulation on the phase sensitivity has been analyzed theoretically, and the relationship between them in ideal case is obtained by numerical simulations. An experimental system is built on this basis, and then the initial phase of the sensor is modulated by Ybranch waveguide. Our work shows the fitting curve of the experimental data is in good agreement with the results of numerical simulation. The results show that the initial phase of the sensor is not π because of the influence of the 2×2 single-mode fiber coupler, and the greatest phase sensitivity can be acquired with an approximately 9 times increasing when the initial phase is modulated close to 3π/2, while the harmonic interferences can be decreased dramatically.
Theoretical analysis

Relationship Between the Initial Phase and the Phase Sensitivity
The structure of optical fiber Sagnac AE sensor is shown in Figure 1 , which is composed of light source, sensing probe, 3 dB coupler, polarization controller, fiber delay coil, photo-detector (PD) and data acquisition card (DAQ). Light beam from the source is coupled into a single-mode fiber, and is then split into clockwise (CW) beam 3 and counter-clockwise (CCW) beam 4 at port 1 by a 3 dB coupler. The two reverse propagating light beams will arrive at the PD after pass through sensing probe, polarization controller and delay coil, respectively. Ideally, there is no interference if sensing probe is not affected by external signals. When the sensing probe bonded on the surface of the structure is affected by the ultrasonic waves generated by AE, the phase of two light beams passing through the sensing probe will be modulated, which will result in a non-reciprocal phase shift. If there is no loss during the propagation of light, and the power- t are the times needed for the two light beams to return from the sensing probe to PD through CW and CCW, respectively. The synthetic intensity of the two light beams at PD can be expressed as * 00
where 
Due to the existence of delay coil, therein
where d L is the length of fiber delay coil; c is the propagation velocity of the light in the optical fiber.
Equation (5) can be expressed as follow
As shown in Figure 1 , the propagation path of CW light beam is Port 1→Port 3→fiber optic ring →Port 4→Port 2, and there is no coupling in this progress. The propagation path of CCW light beam is Port 1→Port 4→fiber optic ring →Port 3→Port 2, which is coupled twice at the 3 dB coupler, and each of them introduces a /2  phase shift. So the initial phase difference between the two light beams at
From Equation (7) and (3), the phase sensitivity, S  , can be obtained 
When /2  = , the initial phase will be modulated to 
Therefore, the smaller the non-reciprocity phase shift caused by ultrasonic waves is, the greater the phase sensitivity will be, which is helpful for the detection of weak signals of AE.
Numerical Simulation
In order to validate the theoretical analysis and set up the corresponding experimental device, the numerical simulations are implemented. It can be seen that the waveform presents a regular sinusoidal characteristic, the amplitude of voltage is increased more than 6 times, and the frequency spectrum shows the frequency of 50 kHz is detected accurately. It can also be found there is a third harmonic component, but it has little effect on the fundamental component.
The voltage has been increased effectively, that means the phase sensitivity of the sensor is improved, and the results of the theoretical analysis is validated. 
Experimental Setup
The phase modulation experimental system of optical fiber Sagnac AE sensor is shown in Figure 5 , which includes super luminescent diode (SLD) light source, delay coil, Lyot-type depolarizer, sensing probe, photo-detector, DAQ and computer. The central wavelength of SLD is 1295±20nm with a power of 1.6 mW.
PD has a voltage responsivity of 50 V/W and a response time of 1.5 ns. DAQ is NI USB-6366 with a highest sampling frequency of 2 MHz. The signal generator is Agilent 33500B. An aluminum alloy plate selected as an object, which is fixed on the seismic metal test platform by four magnetic bearings, whose dimension is 600 mm × 600 mm × 2 mm. The sensing probe is bonded on the plate by epoxy adhesive with the coordinate of (300 mm, 450 mm), which is wound on a light hollow aluminum ring with a outer diameter of 15 mm and a height of 20 mm by lessmode fiber with a length of 3 m. PZT attached on the plate with the coordinate of (300 mm, 300 mm) is used to simulate AE signals. 
Results and Discussions
The experiments are carried out at 20 0 C in order to ensure reducing the influence of temperature. Sinusoidal waves with the amplitude of 5V and the frequency of /2π 50kHz Figure 6 is the output voltage waveform and the corresponding frequency spectrum of the fiber optic Sagnac sensing system under the action of AE signals in initial status. As shown in Figure 6 (a), it can be seen that the amplitude of the voltage is about 0.11 V, but the waveform is not a regular sinusoidal shape, which means there are harmonic interferences. It can be shown in Figure 6 (b) that the frequency spectrum display the sensor can correctly recognize AE signals of 50 kHz. However, the ratio of the amplitude of fundamental waves to that of second harmonic waves is only 0.13, which indicates that the harmonic interferences are relatively high, and affects the sensor to detect AE signals effectively. Table 1 . Figure 8 shows the experimental data in Table 1 It can be found that the experimental result is good fitting with the numerical simulation curve in Figure 4 , which confirms the validity of the experimental results. It can be seen from the experimental results that the maximum phase sensitivity of the sensor can be increased nearly 9 times when the initial phase of the sensor is modulated. 
Conclusions
In this work, the mathematical model between initial phase and phase sensitivity of optical fiber Sagnac AE sensor was established. Theoretical analysis and numerical simulation showed that the relationship between them was nonlinear and the maximum phase sensitivity could be obtained when the initial phase was modulated to 3 / 2  . The experimental system of optical fiber Sagnac AE sensor was build, and the phase modulation experiments were carried out using Y-branch waveguide when the frequency of square wave modulation signal was equal to the intrinsic frequency of the sensor. The experimental fitting curve was consistent with the theoretical analysis and numerical simulation. The results
showed that the maximum phase sensitivity could be obtained by a suitable phase modulation, and the harmonic interference of the sensing system could be reduced.
This study provides a theoretical and technical basis for improving the phase sensitivity of optical fiber Sagnac sensor in practical engineering and the use of Ybranch waveguide.
